We use a simple spring-spring repulsion to model entanglements between polymers in dissipative particle dynamics ͑DPD͒ simulations. The model is applied to a polymer brushes system to study lubrication. We demonstrate that this method leads to mechanical equilibrium in polymer brushes using the normal DPD time step. The number of bond crossings is calculated to provide a quantitative description of the entanglement. We demonstrate that it is possible to avoid 99% of the bond crossings with the values of spring-spring repulsion that can be used without significantly decreasing the time step. A shear force is applied to the system to study the effect of the decrease in the bond crossings on the structure and rheological properties of the brushes. In particular, we show how the friction coefficient increases with the decrease in the bond crossings of the polymers.
I. INTRODUCTION
Polymers grafted onto solid surfaces have a wide range of technological and industrial applications, such as oil recovery, modification of surface, 1 friction, lubrication, colloidal stabilization, [2] [3] [4] [5] [6] and biocompatibility. Modeling lubrication requires a detailed understanding of the effects of polymer brushes on the rheology of a confined liquid. Polymer brushes have been studied in detail both theoretically [7] [8] [9] [10] [11] and experimentally using the surface force apparatus ͑SFA͒. [12] [13] [14] The system has been extensively studied using molecular dynamics 15 and mesoscopic simulation techniques such as Brownian dynamics [16] [17] [18] [19] [20] and dissipative particle dynamics ͑DPD͒. [21] [22] [23] [24] In general, when studying the dynamical and rheological properties of a polymer brush system we would avoid the molecular description of the polymer chains since it requires a time step of 10 −15 s and a simulation of hundreds of millions of steps to explore the relevant timescales for the relaxation of the system. In a series of previous papers we have shown that it is possible to use DPD to study this system efficiently. The time step in these simulations is approximately 10 −9 s because of the soft nature of the interactions between the polymer segments. However, this soft potential results in unphysical bond crossings in the DPD model; entanglements are precluded in the molecular model by steep repulsive interactions. Bond-crossings cannot be avoided in the normal DPD simulation and in studies of polymer melt using this method the chains exhibit Rouse dynamics. We believe that unphysical bond crossings may have a profound effect on the friction between the polymer brushes and we will explore the correlations in this paper.
We propose here to implement a simple spring-spring repulsion model introduced originally by Kumar and Larson. 25 In this approach an additional point force acts along the line joining the closest approach between bond segments. This paper is organized as follows: Section I describes the DPD model and the geometry of the pore system. The DPD forces are detailed, and the parameters for simulating a polymer brushes system are given. Section II describes the entanglement force and the method of evaluating the number of bond crossings and defining the entanglement efficiency. Section III contains our results including the discussions on the system under shear and the effects of the bond crossings on the friction coefficient and brush structure. Section IV contains our conclusions.
II. MODEL

A. Dissipative particle dynamics
DPD is a coarse-grained method in which individual particles do not represent a single atom but an entire fluid element or segments of polymers. It was introduced by Hoogerbrugge and Koelman 27, 28 as a mesoscopic simulation method that conserves hydrodynamics. Consequently, the conservative forces between DPD particles are softer than those used in molecular simulations. They also enable us to use a longer time step in these simulations.
Throughout the paper, we use reduced units for all variables, where the cutoff radius r c and the particle mass m are taken to be unity. The interaction between particles is the sum of three pairwise additive contributions: a repulsive conservative force between particles, a dissipative force, and a stochastic or random force. The conservative force is
where a ij is the maximum repulsion parameter between particles i and j, r ij is the relative displacement of particles i and j, and r ij is the corresponding unit vector. The dissipative force f ij D and the random force f ij R are given by
and
where ␥ is a constant, 29, 30 have shown that the system will sample the canonical ensemble and obey the fluctuation-dissipation theorem if the following conditions are satisfied:
The weighting function R ͑r ij ͒ is chosen to be
The equations of motions are then integrated using a modified version of the velocity-Verlet algorithm and additional details of this simulation method can be found in our previous paper. [21] [22] [23] [24] 
B. The polymer brushes system
In order to simulate polymer chains an harmonic spring force is used to connect some of the particles in linear chains. 31, 32 
where k s is the spring force constant and r eq is the equilibrium bond length. We have simulated a polymer brush system consisting of two planar solid surfaces composed of three layers of DPD particles tethered by spring to lattice points in a regular array. These two surfaces are positioned at the top and bottom of the simulation cell. The two surfaces are coated with polymer chains which are grafted by an harmonic force acting between the ends particles of the chains and the particles of the first layer of the wall.
The polymer chains are immersed in a solvent composed of free DPD particles. Our system is composed by 100 polymer chains of length of 20 particles grafted on each of the two walls ͑200 chains in the total͒. As each surface is composed by 324 wall particles, the grafting density is close to 1 / 3. The number of solvent particles is adjusted so that the overall reduced number density between the two nearest layers is set as w r c 3 = 3.5, which leads to a total of approximately 2500 solvent particles. This reduced density corresponds to a dense liquid following the work of Groot and Warren. 30 The cell dimensions are L x = 16.659, L y = 6.412, and L z = 18.016 in reduced units. This corresponds to an inner separation h = 16.0 between the two walls. The x dimension is chosen to be greater than the y dimension because this model system will be used later for simulations under shear along the x axis. A representation of the simulation geometry is shown in Fig. 1 .
The repulsive force parameter a ij is set at 30k B T / r c for all interactions so that we model athermal solvent conditions, which corresponds to the ⌰ solvent. The temperature is fixed to k B T = 2.0 ͑in reduced units͒ and the dissipative force was defined by R = 100.0, where R = / ͑␦t͒ 1/2 .
C. Thermal and mechanical equilibrium
The profile of the kinetic temperature tensor is evaluated along the z axis to ensure that the system is at thermal equilibrium,
͑7͒
where ͗…͘ denotes a time average, m i is the mass of particle i ͑the reduced mass is taken as unity͒, v ␣,i is the ␣ component of the velocity of particle i. H n ͑z i ͒ is a top-hat function used to sort the profile into slabs, and defined in Eq. ͑8͒.
The mechanical equilibrium can be checked by evaluating the pressor tensor profile along the z axis. We have used two definitions to evaluate the pressure tensor components: the Irving-Kirkwood ͑IK͒ definition [33] [34] [35] and the method of planes ͑MoP͒. 36, 37 Following the IK definition, the normal component of the pressure tensor can be expressed as
where w ͑z͒ is the density profile along the z direction, ͑x͒ is the unit step function which is equal to 1 when x Ͼ 0 and zero otherwise. The first term represents the kinetic part of the pressure tensor arising from the change in momentum due to particles crossing the boundaries of an elemental volume at z whereas the second term refers to the configurational part, related to the intermolecular interactions between the particles within the elemental volume and the rest of the particles. The pairwise force f ij between i and j represents the sum of f ij C and f ij S . As there is no unique way to evaluate the configurational part, we also used the MoP definition ͓Eqs. ͑10͒ and ͑11͔͒ which makes use of planes instead of slabs to calculate the contribution of each force between two particles i and j.
Although the method of planes is considered to be a more rigorous way of calculating the pressure tensor components, 36, 37 the IK definition allows us to calculate all the components, in particular, p xx and p yy , which are of great interest in accessing the interfacial properties: the two methods will then be implemented.
III. MODELING OF ENTANGLEMENTS
A. Spring-spring repulsion
Two models have been developed in the recent years to study entanglements. The Padding model [38] [39] [40] detects entanglements at particular crossing points, after which the bonds are viewed as slippery elastic bonds. The elasticity slows down the relative speed of the bonds and prevents crossings. It is time consuming and may not be compatible with the simple bead spring force between two real particles due to the topological complexity of many entanglements along one bond. The method of Kumar and Larson 25 is simpler because it considers only the repulsion between bonds, which are well defined in terms of distance and topology.
Consider two polymer bonds i and j, represented by two segments R i and R j , respectively ͑see Fig. 2͒ . The bond i is that joining particles i and i + 1, and bond j is the one joining particles j and j + 1. Thus, the general distance between the two segments is the modulus of the vector d ij .
where P i = ͑r i + r i+1 ͒ / 2 is the vector from origin to the center of spring i, and R i = r i+1 − r i . The t i and t j represent the position of vector d ij on the segments. We can calculate the minimum of d ij using the relationship
where d ij = ͉d ij ͉ is the distance between the two bonds ͑there is no maximum͒. Solving these equations, we obtain the values for t i and t j ,
where
As we require the minimum distance between the segments ͑and not between the lines͒, the values of t i and t j must be set between −0.5 and 0.5. If t is greater than 0.5 it is chosen to be equal to 0.5, if t is less than −0.5 it is chosen to be equal to −0.5.
Once the minimum distance d ij is known, the entanglement force can then be calculated.
We have chosen an expression
where for the entanglement interactions. We have chosen an expression which is close to that of the conservative force used in DPD. This is different from the classical repulsive part of a Lennard-Jones ͑LJ͒ expression in Brownian dynamics simulation. 25 Although the steep repulsive LJ force prevents any bond crossings, it is not compatible with the time step used in DPD method. The disadvantage of the Eq. ͑16͒ is that we will still experience some bond crossings and we will discuss the consequences of these topology violations in the next section.
B. Topology violations
The use of a soft entanglement force allows the bonds to overlap so bond crossings are still possible. In addition, when a bond is crossed, it is repelled away in the forward direction, which is clearly unphysical. However, this problem cannot be avoided in DPD simulations. We need to obtain quantitative informations about the number of crossings which will help us to determine the degree of entanglement.
Kumar and Larson 25 suggested a way of detecting the topology violations in polymer chains, i.e., the bond crossings. We create two triangles for the four points which define segment 1 at time t and time t + ␦t. We check if the second segment intersects either one of the two triangles. This method is more clearly explained in a recent paper by Holleran and Larson. 26 The test for crossing is well explained in the case of a moving spring in interaction with a fixed post. However, the crossing test used in our simulations needs to apply to two moving springs. We propose to extend the original method of Holleran and Larson 26 ͑HL͒ in the case of two moving bonds.
For this HL method applied to two moving segments, we want to know if there has been a crossing between time t and time t + ␦t. If segment j does not move, we simply need to know if j intersects the trajectory of segment i. If segment j moves, we have to do four tests: j͑t͒ may intersect the two triangles defined by the trajectory of i, and so does j͑t + ␦t͒. Symmetrically, i͑t͒ and i͑t + ␦t͒ may intersect the trajectory of segment j. As the result of such test is a boolean, we get four booleans for a pair of moving segments. Using a notation XXXX, where X refers to true ͑T͒ or false ͑F͒, the two first positions indicate if j͑t͒ and j͑t + ␦t͒ intersect the trajectory of bond i. Symmetrically, the last two positions define the intersections i͑t͒ and i͑t + ␦t͒ with the trajectory of j. For example, if j moves but stays inside the trajectory of segment i, the complete test is labeled TTFF. This case is illustrated in Fig. 3͑a͒ . We can obtain 16 different cases for the extended HL method, 26 leading to four possible conclusions:
• impossible ͑TTTT, TTTF, TTFT, FTTT, TFTT͒: these cases can never occur;
• crossing ͑TTFF see Fig. 3͑a͒ , TFTF, FTFT, FFTT͒;
• no crossing ͑TFFT, FTTF, FFFF͒: see Fig. 3͑b͒ for TFFT;
• undetermined ͑TFFF, FTFF, FFTF, FFFT͒: see Fig. 3͑c͒ for TFFF.
In the undetermined case, a given intersection test may or nor may give rise to a bond crossing ͓see Fig. 3͑c͔͒ , where there will not be a crossing if segment j can escape before segment i completes the crossing. We have developed another way of detecting the topology violations. This is similar to the cross product method cited by Holleran and Larson. 26 We calculate ␣, the angle between the two vectors defined by the distance d ij calculated at time t and t + ␦t. This is given by the scalar product
where d = d / d is the normalized unit vector. We consider that a crossing has occurred if ␣ Ͼ 90°. The "false positive" cases described by Holleran and Larson occur when a segment extremity interacts with any other one. In the case of a short distance between the two bonds, the angle ␣ may exceed the limit value of 90°whereas there is no crossing. These cases can be avoided by checking if a bond extremity ͑i.e., a bead͒ is involved in a crossing test: it occurs if t i = 0.5 or t i = −0.5. In this case, if the same bead interacts with some bond at time t and time t + ␦t, this may give a false positive and the crossing test is not taken into account. Figure 3͑d͒ shows the distribution of the angle ␣ for each case previously described, during a 500 000 time steps simulation of polymer brushes, and a comparison of the crossing detected with the extended HL method and our angle method. Fortunately, we see that there is only a few undetermined cases, and classifying them as crossing or no crossing is unimportant. Figure 3͑e͒ zooms on ␣ ranging from 160°to 180°; these angle values correspond to almost all the bond crossings. Our method shows excellent agreement with the extended HL method, removing many false positive cases. The total number of each outcome for the ͓simulation of Fig. 3͑d͒ is listed in Table I͔ simulation with  no shear͒. An example of the same simulation with a shear rate applied to the system ͑see next section͒ has been added.
It appears that the angle method is a powerful and simple technique for the detection of bond crossing. As the vector d is already calculated to obtain the distance between the bonds, no additional computational time is needed. This method is then a good alternative to the extended HL method, which is much more time consuming, and can remove many of the undetermined cases.
IV. RESULTS AND DISCUSSIONS
A. Energy stability
We have calculated the total energy of the system as a function of time in order to check the energy stability of entangled system. These simulations are run in the canonical ensemble so we do not expect the energy to be precisely conserved. However, a divergence in the energy is the sign of an instability of the simulation. We have compared the behavior of two systems ͑one with and the other without entanglements͒ as a function of the time step, ␦t. Figure 4 shows the behaviors of the system from the beginning of the simulation until t = 5. The energy diverges for both systems at ␦t = 0.05 but it is approximately constant for all the other time steps. However, a smaller time step of 0.01 is better for simulations with entanglements and this will be discussed in the next section. Interestingly, the random dissipative force is necessary to provide stability in the simulation with entanglement force. Without random force, the entanglement force pumps energy into the polymer bonds which causes instability.
B. DPD parameters
Now that we accurately account the topology violations and we can check the stability of the thermodynamic equilibrium in our systems, we can choose an appropriate set of FIG. 3. ͑Color͒ Schematic examples of different cases for the bond crossing tests: ͑a͒ crossing: bond i goes through bond j; ͑b͒ no crossing: bond i pushes bond j; ͑c͒ undetermined: the crossing does not depend on the test but on the relative positions of the bonds. ͑d͒ Distribution of the ␣ angle ͑°͒ between two bonds at time t and t + ␦t for each type of events. The inset zooms on the number of events between 0 and 100. ͑e͒ Distribution of the ␣ angle between 160°a nd 180°. We add for comparison the values of ␣ ͑diamond͒ calculated from Eq. ͑17͒ TABLE I. Number of the different events obtained from crossing tests during a total reduced simulation time of t = 5000.0 using the extended HL method developed in this work. The last column corresponds to the number of crossings determined from the angle ␣ calculated with Eq. ͑17͒.
Simulation
No parameters ͑a ij ent and r c E ͒ to inhibit bond crossings. We aim to come to a compromise between reducing the number of topology violations and keeping the entanglement contribution as small as possible. We have performed four sets of simulations using four values for entanglement cutoff radius r c E : 0.20, 0.40, 0.60, and 0.80 with the cutoff radius used for the conservative force set to unity. Each of these sets contains 17 simulations using different values for maximum interaction parameter a ij ent ranging from 0.0 to 80.0. Each simulation consists in an equilibration period of 100 000 steps, followed by an acquisition period of 300 000 steps, during which the number of topology violations V T is calculated. Using a reference system without entanglement ͑a ij ent =0͒, we have plotted in Figure 5 the evolution of the proportion of topology violation V T / V T 0 normalized by V T 0 the number of topology violations in the reference system. As predicted, the bond crossings decrease as the entanglement cutoff value increases. The same observation applies when the maximum intensity of the force increases. For the smallest r c E = 0.20, it is not possible to reduce the number of topology violations by increasing the barrier height. We believe that the random force can push the bond across one another and create the crossing.
In order to illustrate this phenomena, we have counted the topology violations during two simulations in the constant-NVT ensemble and the constant-NVE ensemble ͑us-ing only the conservative forces͒, respectively. Results of these simulations are presented in Table II . The number of crossings does not depend on the time step for constant-NVE simulations, but it does for constant-NVT simulations. As the random force may be along any direction, it can sometimes cause the bonds to cross despite the repulsion entanglement force. As a consequence, small r c E values will not be able to prevent a large proportion of topology violations. The choice of the time step is also of importance: we chose the value ␦t = 0.010 to get no significant influence of the random force for larger cutoff values.
The sets of simulations using higher values for r c E shown in Fig. 5 exhibit a very strong dependence with the number of topology violations depending on a ij ent . In order to have a crossing reduction of more than 95%, a value of a ij ent = 20.0 is necessary for the higher cutoff value; this reduction falls to more than 99.5% if using a value of a ij ent = 40.0. Nevertheless, we can usefully reduce the number of topology variations up to 0.5 % with a time step of 0.01.
C. Thermodynamics
To demonstrate the mechanical equilibrium of this system, we have calculated the pressure and temperature profiles across the brushes. The pressure can be calculated using the Irving-Kirkwood approach. The configurational contribution of the entanglement interactions to the pressure can be calculated from the pairwise entanglement forces acting at the two points of minimum bond separation. We can also partition the entanglement forces onto the two closest particles using the lever rule and calculate the configurational pressure using the primitive form of the method of planes ͑MopPr͒,
where f ␣,i tot is the ␣ component of the total force acting on particle i defined as
and f ␣,i ent is the force due to the bond repulsion contributions of the neighboring bonds on i and f ij is the force defined in Eqs. ͑9͒ and ͑11͒. This relation does not require a pairwise decomposition of the force. As a result, the f ␣,i ent contribution can be straightforwardly used in Eq. ͑18͒. The kinetic part of the pressure tensor is calculated in the normal way from the velocities of the particles. The entanglement interaction makes no kinetic contribution since the mass at its point of application is zero.
We have compared these two methods in Fig. 6͑a͒ . In addition, we have shown the profile without consideration of the entanglement interactions. The entanglement parameters used in this simulation ͑a ij ent = 40.0 and r c E = 0.80͒ prevent bond crossings. First, we observe that the MopPr method and the IK method give identical results for the configurational part of the pressure and that the entanglement contribution is significant and varies across the box. The kinetic contribution to this profile is also constant with z and the system is at a mechanical equilibrium. Figure 6͑b͒ shows the temperature calculated from the same simulation. The calculated temperature matches with the imposed temperature perfectly when R = 100.0.
D. Effect of the entanglements on the layer thickness
In this section we focus on the structure of the entangled polymer brushes. Figure 7͑a͒ shows the density profiles for the solvent particles and for top and bottom brushes. We can see that the entangled brushes are stretched along the normal z direction, compared to the nonentangled system. This causes a larger crossing zone between the brushes in the middle of the simulation box. This can be quantified by the interpenetration parameter I between the brushes defined as
where 1 ͑z͒ is the density profile of the bottom brush ͑the same relation can be written for the top brush, using obvious different integration limits͒. For the same system as studied in the previous section, we find the following values for interpenetration coefficient: I = 0.0162 for non-entangled brushes and I = 0.0218 for entangled brushes. The swelling of the brushes causes the solvent density to increase inside the brushes to avoid some chain-chain interactions: entangled brushes adopt a structure which is similar to brushes in a better solvent quality. The brush height can also be calculated from these density profiles by
which corresponds to the height of bottom brush like the previous relation. Values for this system are h = 3.87 and h = 3.96 for the nonentangled and the entangled system, respectively. In order to check the consistency of the entangled polymer brushes system, we compare the brush height as a function of the polymer grafting density with the theoretical prediction 10, 42 FIG. 6. ͑Color online͒ ͑a͒ Profiles along the z axis of the normal component P zz conf of the configurational pressure tensor, using the method of planes ͑MoP͒ without taking into account the entanglement force ͑dashed line͒, the primitive form of MoP ͓see Eq. ͑18͔͒ including the entanglement force ͑solid line͒ and the Irving-Kirkwood ͑IK͒ definition ͑circle͒, including the entanglement force as a virtual pairwise force acting on the springs. ͑b͒ Total temperature profile of an entangled system. The fixed temperature is k B T = 2.0, the entanglement parameters used are a ij ent = 40.0 and r c E = 0.80.
FIG. 7.
͑Color online͒ ͑a͒ Density profiles along the z axis for a nonentangled polymer brushes system ͑solid curves͒ and an entangled system ͑dashed curves͒. The monomer and solvent density profiles are indicated in the figure. ͑b͒ Rescaled average monomer height h / N 1/3 as a function of the grafting density for non-entangled ͑छ͒ and entangled ͑ᮀ͒ polymer brushes.
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where N is the number of beads in the chain and is the grafting density. This behavior has been checked by many authors 20, 43 providing that the grafting density is greater than the critical value. We have simulated a larger system along the z axis to prevent any interpenetration between the brushes. For a wall separation h = 22.0, the grafting density varies from 0.03 to 0.57 by grafting onto each wall 5-180 polymer chains. The number of solvent particles is then changed from 7610 to 960, respectively. The total density in the simulation cell is kept constant. Figure 7͑b͒ shows the rescaled brush height as a function of for entangled and nonentangled brushes. For both systems the theoretical scaling law is respected for increasing grafting density ͑dashed lines͒. Thus, the entanglement forces cause the brush thickness to increase but do not modify the scaling behavior of the polymer brushes.
E. Effect of the entanglements on the friction
It is possible to study friction between the two brushes by shearing the fluid in the x direction. To apply the shear, we move the surface particles of the top wall in a direction and the bottom wall in the opposite direction. The imposed displacement of the wall particles is given by
where ␥ a is the applied shear rate and is expressed in units of ͑k B T / mr c 2 ͒ 1/2 . Two systems have been simulated using different values for the separation between the walls:h = 16.0 and h = 14.0. The number of solvent particles is adjusted to 2500 and 1700 respectively, in order to keep the total density constant ͑r c 3 = 3.5͒. We have calculated the friction coefficient profile from the IK pressure tensor components following the macroscopic definition which considers the ratio of the tangential and normal pressures
For both of the wall separations, we have simulated polymer brushes under a shear rate of ␥ a = 0.10 in reduced units. Different simulations were performed using increasing values of the entanglement repulsion parameter a ij ent from 0.0 to 80.0 ͑same values as in Sec. III B͒. Figure 8͑a͒ shows the friction coefficient as a function of the number of topology violations, V T . This plot shows two regimes: at high values of V T corresponding to low values of a ij ent , the friction coefficient increases steadily as the number of bond crossings decreases; at low V T the friction continues to increase sharply even when bond crossing are almost totally excluded.
As already discussed, the swelling of the brushes due to the repulsive interactions between the chains causes an increase in the brush height which, in turn, increases the interpenetration coefficient. This additional overlap or interpenetration is a significant factor in the steady increase of the friction, i.e., as V T / 10 3 decreases from 1400 to approximately 50. However, this is not the only factor which influences the increase of the friction: we have compared the friction coefficient values for a simulation without entanglement forces but with a better solvent quality ͑a pol-sol =57͒ so that the brush height is the same in the two simulations. The spring repulsion parameter is set to a ij ent = 40.0, which was retained as a good value from previous discussions. We observe in both systems an increase in the friction coefficient due to the spring repulsion contribution: the increase in ⑀ is 15% for a wall separation h = 16, and more than 20% for h = 14. Because the relative fluctuation of the friction coefficient 24 does not exceed 2%, the increase in the friction coefficient is mainly caused by the entanglement forces.
As we continue to increase a ij ent in the low crossing region, the additional repulsive force does not change the structure of the layer or decrease the number of topological violations. The friction coefficient continues to rise abruptly due to the increasing repulsion between the moving bonds.
To demonstrate this we have plotted the correlation between the friction and the interpenetration coefficient I in Fig. 8͑b͒ . The two sets of simulations show I levels off at high entanglement forces, ͑added dashed lines͒ and the height of the layer stops changing. For both wall separations considered this change in behavior corresponds to a value of a ij ent of Ϸ40. This results confirms that the entanglement parameters suggested and used in this paper are appropriate for removing bond crossings and cause changes in the friction due to changes in the brush structure.
V. CONCLUSIONS
We have implemented the Kumar and Larson model for entanglement in a polymer brushes system modeled by means of dissipative particle dynamics. After choosing an expression for the entanglement force similar to the soft DPD conservative force, we have developed a way to get a quantitative information about the efficiency of this model by detecting and counting the bond crossings considering the topology violation between each pair of polymer segment. Using the method of planes for the pressure tensor calculation in its primitive form, we have shown that the entangled polymer brushes system is at good mechanical equilibrium by taking into account the entanglement contribution. Using these relations, we have modeled a polymer brushes system using different sets of entanglement parameters in order to check the efficiency of the entanglement model. It appears that the entanglement force must not be a too short-range force since the random force used in dissipative particle dynamics could then overcome the bond repulsion. We have then shown that an appropriate set of parameters defining the entanglement force can be found to reduce the number of bond crossings by more than 99%.
These parameters have been successfully applied to polymer brushes. The density profile for each brush shows that the entanglement forces induces a swelling of the brushes, leading to a larger interpenetration zone in the middle of the simulation box. The height of entangled polymer brushes follows the theoretical scaling law. The study of polymer brushes under shear shows that the entanglement parameters prevent more than 97% of the topology violation even for more compressed systems. It appears that the increase of the entanglement force, beyond a ij ent = 40 does not significantly change the layer thickness or the number of topological violations but may cause the friction coefficient to not increase physically.
We plan to apply this model to simulate the compression of brushes of grafted and adsorbed polymers, as a function of the entanglement of the polymer chains.
